In this study, we use x-ray diffraction (XRD) and micro Raman spectroscopy (MRS) to measure internal strains in sensors embedded in polymer matrix composites. Two types of strain sensors embedded in either chopped graphite fiber/epoxy matrix composite (MRS) or unidirectional graphite fiber/polyimide matrix composite (XRD) were investigated. For XRD measurements, the sensors were in the form of spherical aluminum inclusions with diameters ranging from 1 to 20 m. Due to large cross section area of an incident x-ray beam, only average stresses are reported using the XRD approach. Complementary to XRD experiments, MRS was pursued to measure internal strains in Kevlar-49 fibers embedded in chopped graphite fiber/epoxy matrix composite. In recent years, MRS as an experimental tool for micro-strain measurements has drawn considerable attention mostly due to its excellent spatial resolution. The resolution of MRS typically ranges between 1 and 10 m, which means that strains can be measured in individual sensors. The principle of this method relies on a change of certain molecular vibration frequencies as a result of an applied stress. Several examples are presented and discussed to demonstrate the potential of combining micro and macro strain measurements and modeling to capture the stress distribution in heterogeneous materials.
INTRODUCTION
In this work, we discuss a non-destructive method used to monitor internal strains in polymer matrix composites at micro-and meso-scopic levels. The method is based on strain measurements inside embedded sensors. The strain measurements in the sensors were done using either x-ray diffraction with embedded spherical aluminum inclusions as strain sensors [1] [2] [3] [4] or micro Raman spectroscopy with Kevlar-49 fibers as strain sensors [5] . We show that the accuracy of the strain measurements depend not only on the experimental technique, but the geometry of the embedded sensors as well.
It was shown by Predecki and Barret [6] that the internal strains and stresses transferred to various crystalline inclusions embedded in epoxy matrix composites could be detected by XRD. Using a methodology developed by Benedikt et al. [1] [2] [3] [4] the method of Predecki and Barret was further developed to measure internal strains in spherical Al inclusions embedded in unidirectional and woven graphite/PMR-15 composites. In addition to these measurements, the residual interlaminar stresses in the investigated composites were determined from the inclusions strains using the model based on the Eshelby approach. The proposed methodology was also verified by comparing the measured and computed strains in the embedded inclusions generated by the external four-point bending moment [1, 3] .
The use of the MRS technique to measure internal strains in individual reinforcing fibers embedded in epoxy matrix composites was first reported by Galiotis [7] . It has been shown by this author that the spatial distribution of strains in a fiber, initiation of debonding, matrix yielding, and strain transfer efficiency in short-and long-fiber composites can be studied by MRS. However, the MRS technique is generally less accurate than XRD and it can only be used to measure longitudinal strains in a fiber. Other limitations of MRS include low penetration depth of a laser beam in optically non-transparent matrices and the necessity to carefully monitor power of a laser beam to avoid excessive heating of a sample.
The XRD strain measurements in the Al inclusions embedded in the graphite fiber/polyimide matrix composite were performed at the University of Denver. The most important findings from these experiments were already presented in a series of papers [1] [2] [3] [4] . In this work, we re-examine some of the experimental results reported in [1] [2] [3] [4] and compare the MRS strain measurements with the XRD technique.
MATERIALS TESTED AND EXPERIMENTAL PROCEDURE
The unidirectional and woven graphite/PMR-15 laminates used in the XRD experiments were manufactured at the NASA Glenn Research Center. Before curing, the Al inclusions were suspended in acetone and painted on top of the first unidirectional or woven prepreg ply surface. After drying they were covered by the subsequent plies to form a laminate. Six ply unidirectional and four ply woven composite laminates were made with the inclusions embedded between the first and second ply. The thickness of the unidirectional and woven composites was 1 and 1.2 mm, respectively. Al inclusions were located ~0.1 mm under the surface of the sample. The thickness of the samples was 0.9 and 1.2 mm for unidirectional and woven composites, respectively. The linear elastic properties of PMR-15 at room temperature used in computations were E=4.5 GPa and =0.36. For visco-elastic properties a reader is referred to [2] .
The method of determining residual stresses by XRD is thoroughly described in [8] . First, the lattice spacing d 0 of the (422) planes for unstressed Al inclusions at room temperature was measured by dispersing the free inclusions on a quartz plate substrate and obtaining a diffraction pattern in a Siemens D500 diffractometer fitted with pseudo parallel-beam optics and a solidstate detector. Diffraction conditions are shown in Table 1 . The direction of the diffraction vector was specified by two angles, and in the usual way [8] Table 1 . Diffraction conditions 50 15 mm composite specimens were cut from the as supplied composite plates with embedded Al inclusions using a slow cutting Buehler diamond saw. Subsequently the specimens were mounted either on a flat glass plate or in a four-point bend fixture. XRD measurements were performed on these specimens at = 0 0 and = 90 0 and at six angles from 0 0 to 45 0 for each angle (the = 0 direction was along specimen's length). Taking all the non-diagonal components of ij equal to zero, which is consistent with the assumption that the coordinate system defined by the direction of the fibers is simultaneously the principal coordinate system, resulted in a simplified version of the fundamental equation for the X-ray strains [8] . If both =0, and =90, vs. sin 2 ( ) form straight lines, then the intercepts and slopes of he sin 2 ( ) plots determine the principal strains. After the experiment had been performed, it turned out that the sin 2 ( ) plots were linear within experimental error [1] [2] [3] [4] . The normal strain 33 was taken to be an average between =0, =0 and =90, =0 . In order to determine the corresponding stresses, X-ray elastic constants for the aluminum 422 reflections were calculated by taking the mean of the Reuss and Voigt models [8] . This procedure gave Young's modulus E and Poisson ratio values of 71 GPa and 0.35, respectively.
For MRS experiments two types of samples with embedded Kevlar-49 fibers were fabricated at the LANL Engineering Sciences and Applications Division facilities. The first sample consisted of an epoxy resin containing a short Kevlar-49 fiber, so that the strain distribution could be measured as a function of the distance from the fiber end. To make this sample, a Kevlar-49 fiber was placed into uncured viscous resin; subsequently the sample was allowed to cure. The second investigated sample consisted of chopped graphite fiber/epoxy matrix composite with the embedded two Kevlar-49 fibers. The Raman signal from Kevlar was not affected by graphite fibers, since the laser beam was focused entirely on Kevlar and no graphite fibers were exposed to the laser radiation. The sample was manufactured in the following way. First, two Kevlar-49 fibers were firmly attached to a mould; the fibers were positioned perpendicular to each other and they were oriented along the sample longitudinal and transverse directions. Second, the mould was filled with uncured epoxy containing reinforcing chopped graphite fibers. The resin underwent curing process before the sample was taken out from the mould. The following elastic properties of epoxy resin and Kevlar-49 fibers were used in the computations: E Kevlar-49 fibers and many other materials exhibit a linear Raman peak shift as a function of the magnitude of the strain field. In the present study, the Raman peak near 1610 cm -1 corresponding to the phenyl ring stretching vibration was chosen to determine the axial strain in Kevlar-49 fibers. This particular vibration mode exhibits the highest strain sensitivity. The strain dependence of the Kevlar 49 fiber Raman peak position was taken to be 4.13cm -1 per % of axial strain. For the light source, we used an Innova 70C Ar + laser that generated a laser beam with 488 nm wavelength. An ACTON SpectraPro ® 500i spectrometer equipped with a CCD chip and a Keiser Optical Systems Inc. microscope were used to record the Raman spectra. A camera attached to the microscope was used to monitor the irradiated area. The spatial resolution of the MRS measurements was about 8 m, which roughly corresponds to the diameter of Kevlar-49 fibers. The laser power on a sample was kept at less than 0.8 mW to avoid local heating.
ANALYTICAL MODELS
The objective of the numerical model was to extract the strains in the composites from the measured strains in the embedded sensors. Different assumptions were made to compute composite strains from XRD and MRS data. These assumptions are presented in this section.
The model based on the Eshelby/Mori-Tanaka approach [9] [10] [11] was used to extract the residual and structural (generated by the four-point bending fixture) strains and stresses in the investigated composites. The residual stresses in composites were more difficult to compute than the structural stresses, since they required computing the so called close range stresses. Close range stresses are the local residual stresses caused by the thermal mismatch strains between the inclusions and composite resin. These stresses had to be subtracted from the stresses measured in the inclusions. To estimate the magnitude of the close range stresses the visco-elastic computations had to be carried out as explained in [1] . On the other hand, to extract the composite strains and stresses caused by the prescribed four-point bending moment did not require computing the visco-elastic close range stresses. Furthermore, it has been shown in [4] that the interactions between the embedded inclusions did not significantly change the average strains in the inclusions. Consequently, the effect of the interactions could be neglected in the numerical computations if only averaged strains in the inclusions were measured. Kevlar 49 fibers used as MRS strain sensors were located in a pure resin region in both investigated samples. For this reason the mechanical interactions with reinforcing chopped graphite fibers and the other sensor could be neglected in the computations. Effectively, the model used to extract the composite strain from the MRS experimental data was obtained from the one used for Al inclusions by putting inclusions volume fraction v f = 0, neglecting the interactions between the sensors, and putting the Eshelby tensor for long fibers in place of the Eshelby tensor for spheres [9] .
EXPERIMENTAL RESULTS AND DISCUSSION
Using the experimental approach briefly described in this paper (for detailed description of the method see [2] ) the average residual stresses in unidirectional and woven composites were extracted from the XRD strains in the Al inclusions. As reported in [2, 3] this procedure respectively gave the following values of the residual stresses 11 , 22 , and 33 : 56 8 MPa, 40 9 MPa, and 28 8 MPa for unidirectional composites and 64 9 MPa, 65 11 MPa, and 30 9 MPa for woven composites. Throughout this paper x 1 is the sample longitudinal direction, x 2 is the sample transverse direction, and x 3 is the out-of-plane direction; all reported errors denote one standard deviation. It should be noted that the given residual stresses represent average stresses in resin layer where the majority of the Al inclusions were embedded. In addition to the residual stress measurements, the elastic strains in unidirectional composites generated by the four-point bending were examined [1, 3] . It was discovered that composite strains 11 , 22 , and 33 initially changed linearly with the displacement of the fixture outer pins [1, 3] . The following values for averaged 11 , 22 , and 33 were obtained for 1mm displacement of the outer pins: 6100 920 , 551 563 and -2370 385 , respectively. The value of the reported longitudinal strain 11 agreed reasonably well with the numerical Levi solution [2] . However the transverse strain component 22 was affected by the fact that the predicted by the Levi method saddle-like region was in reality suppressed by the friction between the fixture pins and the sample [5] . It should also be noted that to compute microscopic stresses from the strains measured in the embedded inclusions, additional either analytical or numerical models must be used. In addition, the presented method turned out to be sensitive to depth of the inclusions beneath the surface if conventional parafocusing optics is used. To prevent these errors, parallel-beam optics was used.
To investigate if the presented method of monitoring internal strains can be improved, the MRS technique was examined. We performed MRS strain measurements in individual Kevlar-49 fibers embedded in either pure epoxy resin, or epoxy matrix/ chopped graphite fiber composites.
Due to very low optical transparency of PMR-15 this resin was not used with MRS measurements.
In Figure 1 the longitudinal strain distribution in a single Kevlar-49 fiber embedded in a pure epoxy resin as a function of distance from fiber end is presented. The measured strains in the fiber were generated by the matrix shrinkage that took place during the curing process. It can be seen in this figure that spatial resolution of MRS is high enough to capture the strain changes as a probing laser beam is moved along a fiber. It is also observed in Figure 1 that the measured longitudinal strain changes considerably in the vicinity of the fiber end; the strain in the middle section of the fiber is constant within the experimental error. These observations are consistent with the numerical predictions based on the shear-lag model. displacement [5] . Axial strains measured in two Kevlar-49 fibers oriented along the longitudinal and transverse directions of the epoxy matrix/ chopped graphite fiber composite sample are presented in Figure  2 . Three different measurements were taken from random locations on the fibers for each value of the pins displacement to evaluate the experimental scatter. The fiber strains for the displacement smaller than 0.2 mm are not shown in Figure 2 , since the accuracy of these measurements was affected by the sliding of the pins on the sample surface and compressive residual strains in fibers. It is seen in the shown figure that there is a linear relationship between measured strains and the magnitude of the bending. It was determined using the numerical model briefly presented in the previous section and the data portrayed in Figure 2 that the composites longitudinal and transverse strains vs. pins displacement were 13,910 320
and -550 200 per 1 mm displacement. The out-of-plane strain component was not determined in this study. Similarly as in the case examined by XRD, the reported longitudinal strains as a function of bending agreed well with the Levy solution [5] . Also, the magnitude of the transverse strains obtained from the Levy method significantly overestimated the measured strains.
CONCLUSIONS
If the results of the XRD and MRS strain measurements presented in the previous section are compared then the following conclusions can be drawn. First, we have experimentally shown that changes of a strain field at a microscopic level can be measured using MRS. Similar measurements using micro XRD would be difficult to perform, since the crystallographic orientation of the diffracting domains would have to be determined prior to the XRD measurements. Second, long fibers turned out to be more accurate strain sensors than spherical inclusions. Indeed, the standard deviations of 11 in a composite due to 1 mm pins displacement are 320 and 900 for MRS and XRD tests, respectively. MRS yielded better estimates of the composite strains, since the longitudinal strain transfer to a fiber-sensor was much larger than the strain transfer to Al inclusions. It was also found that the axial strain transfer to a fiber was not affected by the elastic properties of the sensors [5] . In addition, the axial strain in a fiber was almost identical to the corresponding composite strain. On the other hand, the strain transfer to spherical inclusions depends on elastic properties of the matrix and inclusions [5] . Therefore, if spherical sensors are used, the properties of the matrix and inclusions have to be known to extract composite strains. However, spherical inclusions could be used to determine all three principal strains in a composite. Fiber sensors can be only used to determine their axial strains. Therefore, two fibers had to be used to measure sample longitudinal and transverse strains. AKNOWLEDGEMENTS The MRS measurements and numerical computations were performed at the Los Alamos National Laboratory, operated by the University of California for the Department of Energy (W-7405-ENG-36). The XRD experiments were performed at the University of Denver.
